Abstract: Thermodynamic and heat transfer properties of the 2LiBH 4 -MgH 2 composite (Li-RHC) system are experimentally determined and studied as a basis for the design and development of hydrogen storage tanks. Besides the determination and discussion of the properties, different measurement methods are applied and compared to each other. Regarding thermodynamics, reaction enthalpy and entropy are determined by pressure-concentration-isotherms and coupled manometric-calorimetric measurements. For thermal diffusivity calculation, the specific heat capacity is measured by high-pressure differential scanning calorimetry and the effective thermal conductivity is determined by the transient plane source technique and in situ thermocell. Based on the results obtained from the thermodynamics and the assessment of the heat transfer properties, the reaction mechanism of the Li-RHC and the issues related to the scale-up for larger hydrogen storage systems are discussed in detail.
Introduction
The global energy need drastically increased from 5 × 10 12 kWh per year in 1860 to 1.6 × 10 14 kWh per year today, that is, almost by two orders of magnitude. A fraction bigger than 80% of the energy originates from fossil fuels, such as oil, coal and gas [1, 2] . The known reserves of these fuels are France), which applies the absolute pressure technique was also used, in particular for the Pressure Concentration Isotherms (PCI) measurements. The hydrogen gas used for the experiments had a purity of 99.999% (5.0). The temperature and pressure conditions are provided in the text for each different experiment. The mass of sample for all measurements was about 150 mg.
The measurement of the PCI curves follows the van't Hoff Equation [17] :
where R represents the gas constant, p 0 and p eq are, respectively, the standard pressure (~1 bar) and the equilibrium pressure. This last value is a function only of the temperature T and the thermodynamic properties (at least for a certain temperature): the reaction enthalpy ∆H R and the entropy ∆S. For each PCI measurement, the temperature was set constant at a certain desired value, which allows fast enough kinetics and the pressure was decreased stepwise (in the case when a desorption PCI was being measured). In this way, for each pressure step a kinetic measurement was carried out. Pressure steps, in which the transformed fraction changes considerably, identify reaction plateaus. The transformed fraction is considered as the ratio between the hydrogen desorbed (or absorbed) and the maximum amount of hydrogen that the material can desorb (or absorb). These PCI were repeated at several different temperatures. In the van't Hoff plot that can be derived from the experiments, the natural logarithms of the plateau pressure values are plotted against 1000/T. Thus, the values of the enthalpy and entropy can be derived, respectively, from the slope (∆H R /R) and the intercept (∆S/R) of the segment fitting the data with a linear correlation. The corresponding equilibrium pressures for the calculation are taken as the mean of the experimental points in the plateau region, considering the error propagation theory to assign an error bar to each calculated value. The volume of the reservoir used in the measuring apparatus was 12.28 mL and the pressure steps 1 bar of H 2 . The starting pressure for the desorption measurements was set to 40 bar and the final one was 1 bar of H 2 . The maximum time allowed for each pressure value to reach equilibrium was set to 48 h. All these isotherm measurements were carried out with 250 mg of sample. Coupled manometric-calorimetric experiments, carried out by connecting a PCTPro apparatus with a Sensys high-pressure Differential Scanning Calorimeter (HP-DSC, Setaram, Caluire, France) were an innovative way of characterizing the samples. The mass of the samples was about 30 mg. In each event that involves a change in energy, this change is calculated by measuring the area under the exothermal or endothermal peak of the heat flow curve plotted vs. time. Due to the two instruments being coupled, this energy can be related to the amount of hydrogen involved in the event and expressed as enthalpy per mole of hydrogen. In the desorption tests the samples underwent a temperature ramp from ambient temperature to 550 • C at different heating rates between 0.5 and 5 • C min −1 under 3 bar of H 2 pressure, while in the absorption tests the heating rates were between 0.5 and 2 • C min −1 under 50 bar.
Heat Capacity Measurements
A DSC-1 Differential Scanning Calorimeter from Mettler Toledo (Greifensee, Switzerland), was used to determine heat flows during physical or chemical events when the samples were subjected to a temperature ramp at ambient pressure. The maximum temperature was 250 • C. The samples were loaded inside 40 µL aluminium pans and sealed with a suitable press. The sample charging and sealing procedures were carried out inside the glove box under Ar atmosphere with oxygen and moisture contents below 1 ppm. The amount of material was 16.5 mg. Previously, the DSC cell has been kept inside an oven at 500 • C for 15 min, to remove any possible volatile impurity. This preliminary procedure also guaranteed that the sensors and the rest of the equipment could reach a good thermal contact by expanding, enhancing the accuracy of the heat capacity experiments [18] . A low of compressed air was applied to eliminate any ash or dust carefully from the oven. Preciseness in the heat capacity values was improved by subtracting a baseline curve from the DSC signal. The first two baseline curves were treated as cell-conditioning runs. Finally, only the third baseline curve was considered.
Thermal Conductivity Measurements
Thermal conductivity tests were completed on powder samples in both absorbed (LiBH 4 /MgH 2 ) and desorbed (LiH/MgB 2 ) states using the modified transient plane source method [19, 20] by means of a Thermal Conductivity Analyzer (TCi, from C-Therm, Fredericton, NB, Canada). Due to the reactivity of the studied hydrogen storage material with environmental contaminants (e.g., O 2 and H 2 O), the thermal conductivity measurements were performed in an Ar filled glove box (Ar pressure 1.012 bar). The thermal conductivity sensor has a round, flat shape and its active area has a diameter of 16 mm. It is placed inside a glove box and it is connected to its electronics through a suitable flange; in this way, the control box and the computer are kept outside the argon atmosphere. The measurements were carried out with 1.0 g of powder, which was positioned on the sensor covering all its effective area. A metallic ring was used to keep the sample in place and avoid it spilling outside of the measuring zone. A calibrated weight of 500 g was used to reach uniform pressure conditions across the samples and the resulting set up was enfolded with a 2.5 cm wide and 10 cm high metallic heating band (National Plastic Heater, Schomberg, ON, Canada). The band was connected to a heat controller outside and used to bring the sample to the selected operating temperature. Care had to be taken to avoid that the powder samples could get in contact with the heating band to avoid false signals, due to the operating principle of the machine. The experiments were executed from ambient temperature to 180 • C, which is the highest operational temperature for the sensor. The actual temperature of the samples was measured by the thermal conductivity machine itself and directly monitored by the control software of the apparatus. At each temperature, which was set for a measurement, the samples were let stabilize for approximately 45 min, so that a steady temperature value could be reached. A set of 10 repetitions for each temperature was recorded (about 2 min were required for each repetition); the resulting mean value is provided further in the text. The relative standard deviation varies in a range between 0.4% and 0.6% of the resulting values.
Results

Thermodynamic Properties
The thermodynamic properties of the Li-RHC system have been evaluated through a measurement method, PCI, which could be considered indirect. This type of measurement is carried out under equilibrium conditions, or as close to them as experimentally possible. A direct experiment in non-equilibrium conditions (coupled manometric-calorimetric measurement) was also used. The left side of Figure 1 shows the dehydrogenation PCI curves in the range from 350 • C to 425 • C (Figure 1a) , retrieved from a sample, which has been formerly hydrogenated at 350 • C and 50 bar of H 2 . The corresponding van't Hoff plots for the first and second plateau is displayed in Figure 1b . In all the PCIs curves, it is possible to observe that the dehydrogenation in equilibrium conditions occurs in two steps. From the van't Hoff plot, a value for the reaction enthalpy of 73 ± 2 kJ mol −1 H 2 and one for the entropy of 133 ±3 J K −1 mol −1 H 2 can be determined, as described above, for the first plateau. Similarly, an enthalpy value of 53 ± 3 kJ mol −1 H 2 and an entropy value of 98 ± 4 J K −1 mol −1 H 2 are calculated for the second plateau. The corresponding equilibrium pressures for the calculation are taken between a transformed fraction of 0.95 to 0.85 and 0.6 to 0.2 for the first and second plateau, respectively, as specified in Figure 1a (dashed lines). The determination coefficients (R 2 ) for both the segments in the van't Hoff plot are above 0.999.
As mentioned before, also a more direct calorimetric measurement has been performed, coupling the Sieverts apparatus together with the HP-DSC. Under either absorption at high pressure (Figure 2a ) or desorption at low pressure (Figure 2b ), and at constant heating rate, the heat flow due to the exothermic or endothermic or reactions in the Li-RHC system can be recorded directly. According to the integral calculation described in Section 2.2.1, for the absorption in Figure 2a , an enthalpy value of −26 ± 7 kJ mol −1 H 2 is obtained. This measurement has been repeated twice. In case of the desorption, for the first and second step in Figure 2b , 58 ± 4 kJ mol −1 H 2 and 20 ± 3 kJ mol −1 H 2 are calculated, respectively. The measurement of the desorption reaction enthalpies has been repeated four times. Transformed fraction [-] of the desorption, for the first and second step in Figure 2b , 58 ± 4 kJ mol −1 H2 and 20 ± 3 kJ mol −1 H2 are calculated, respectively. The measurement of the desorption reaction enthalpies has been repeated four times. The endothermic reaction, which can be seen in Figure 2a before the absorption (exothermic event starting at 280 °C), may be associated with the fusion of some LiBH4, residual or initially formed, or to the changes in the thermal conductivity of the sample at the beginning of the reaction. The endothermic reaction, which can be seen in Figure 2a before the absorption (exothermic event starting at 280 • C), may be associated with the fusion of some LiBH 4 , residual or initially formed, or to the changes in the thermal conductivity of the sample at the beginning of the reaction. [21] , the determination of heat capacity has been performed using two separate scanning methods: the first is the "linear temperature ramp" (Figure 3a ) and the second is called "enthalpy method" (Figure 3b ). The latter is a sequence of isothermal segments and heating ramps (20 • C each) leading to a stair-shaped temperature profile. In both methods, 5 min isothermal periods have been applied before starting the ramp to achieve steady-state dynamic equilibrium conditions. A heating rate of 5 • C min −1 has been utilised in all the heating ramps. In the "enthalpy method", the desired temperature range between 50 • C and 250 • C cannot be measured in a single experiment. The reason is a restriction in the software: the instrument can be programmed with a maximum number of 10 consecutive segments. This can be distributed between isothermal steps and ramps, but cannot be exceeded. Therefore, two immediately consecutive experiments from 50 • C to 150 • C and from 150 • C to 250 • C have been carried out. After the tests, the sample mass has been measured on a scale inside the glove box and the value was in good agreement with the one recorded before the DSC experiments. perature and heat flow in the range between 50 °C and 250 °C for 2 LiH + MgB2 in Ar sing the "linear temperature ramp" method at 5 °C min −1 (a) and the "enthalpy method" The standard equation for the heat capacity of solids is used to calculate the specific heat capacity; in this equation, the isobaric and isochoric heat capacities are equivalent and the volume is assumed constant. In this way, the heat capacity C p is defined as the ratio between the transferred heat energy ∆Q and ∆T, which is the resulting change in temperature at constant pressure (p):
Heat Transfer Properties
The heat flux Φ is defined as variation of the heat energy Q over the time t:
and the heating rate β is correspondingly defined as variation of the temperature T over the time t:
Equation (3) becomes:
In addition and by considering the instrument's characteristics, the heat flux of the blank tests Φ b has to be subtracted from the one of the sample measurement Φ s (Φ = Φ s − Φ b ) in order to eliminate possible systematic errors of the machine. The sample mass m s is added in the denominator to express the result per unit of mass (C p = c p × m s ), that is, as specific heat capacity. Hence, the c p of the considered sample can be calculated following the equation:
The two heat capacities calculated by means of the two different methods are displayed in Figure 4a as a function of the temperature. Figure 3 shows exothermic events as peaks pointing upwards; this means that a reduction in the heat flow signal is correlated to an increase in the heat capacity of the sample. This way, taking into account the DSC profiles in Figure 3 , the specific heat capacity of the Li-RHC system is increasing slowly before approaching the temperature of 150 • C (see Figure 4a ). For temperatures higher than that, this increase becomes more rapid. A local maximum is located at approximately 200 • C and at about 230 • C in case of the "linear temperature ramp" method and for the "enthalpy method", respectively. The two separate methods present a good agreement in the range of temperatures between 150 • C and 200 • C. Below 150 • C, where the faster increase of c p for both methods happened, the values calculated by the "enthalpy method" are lower than those derived from the "linear temperature ramp" method. Above temperatures of 200 • C, this correlation is reversed. A nonlinear fitting has been performed for the "linear temperature ramp" method using the Shomate equation:
The determination coefficient is only around 0.80, owing to the polynomial underestimating the local maximum ( Figure 4a ). In Figure 4b the fitting curve for the c p of the composite material LiH/MgB 2 is matched with the heat capacity vs. temperature curves of other compounds (borides and hydrides), taken from publications. The c p vs. T curve for LiH, MgB 2 and MgH 2 has been retrieved from Kubaschewski et al. [22] . The curve for LiBH 4 refers to the paper by El Kharbachi et al. [21] . The parameters for the polynomial fit are listed in Table 1 . The c p of the materials containing lithium is greater by a factor of approximately 3 if compared to the one of the materials containing magnesium. The need for several parameters for LiBH 4 (resulting in a discontinuous function) is due to the phase change at 113.45 • C from the orthorhombic to the hexagonal phase. The increase of the value of c p before this polymorphic phase transformation is termed an "abnormal" phenomenon. An hypothesis behind this trend could be the intensification of crystal defects [21] . More details are discussed in Section 0.
Thermal Conductivity
The effective thermal conductivity λ eff has been measured using the above described transient plane source (TPS) method. The measurements were done under Ar atmosphere. The sensor and the sample have been surrounded by a heating band to achieve temperatures up to 180 • C. The effective thermal conductivity has been measured for absorbed (LiBH 4 /MgH 2 ) and desorbed (LiH/MgB 2 ) materials. Figure 5 shows the results of these measurements together with functions interpolating the experimental points. The curves were as well extrapolated up to 300 • C and 400 • C at the far end of the temperature range.
Energies 2018, 11, x 8 of 21
to the hexagonal phase. The increase of the value of cp before this polymorphic phase transformation is termed an "abnormal" phenomenon. An hypothesis behind this trend could be the intensification of crystal defects [21] . More details are discussed in Section 0.
The effective thermal conductivity λeff has been measured using the above described transient plane source (TPS) method. The measurements were done under Ar atmosphere. The sensor and the sample have been surrounded by a heating band to achieve temperatures up to 180 °C. The effective thermal conductivity has been measured for absorbed (LiBH4/MgH2) and desorbed (LiH/MgB2) materials. Figure 5 shows the results of these measurements together with functions interpolating the experimental points. The curves were as well extrapolated up to 300 °C and 400 °C at the far end of the temperature range. The thermal conductivity of the system is clearly affected by the phase transformation of LiBH4 (absorbed material) from the orthorhombic crystal structure at low temperature, to the hexagonal one at around 100 °C [23] . Therefore, the interpolation (using an exponential function) has been calculated for the experimental points only after this phase transition and then only up to a temperature of 300 °C. At higher temperatures, LiBH4 melts [23] and it is predictable that the development of the curve could change extremely after this point. For the desorbed material, the interpolating function has been calculated for the complete range, since no phase transition is known for this mixture from literature.
These measurements have been performed ex situ. Therefore, the atmosphere was the one in the argon glove box. They give a first good notion of the possible values for λeff. However, during the hydrogenation or dehydrogenation reaction, a mixture of both states, absorbed and desorbed, exists: just at the beginning or at the end of the reaction the values previously measured for the thermal conductivity can be assumed to hold true to a great extent. Lozano et al. [14] provided a new experimental technique that takes place while the reaction (in this case the desorption) is occurring under H2 atmosphere. The method exploits three thermocouples inserted at defined distances around The thermal conductivity of the system is clearly affected by the phase transformation of LiBH 4 (absorbed material) from the orthorhombic crystal structure at low temperature, to the hexagonal one at around 100 • C [23] . Therefore, the interpolation (using an exponential function) has been calculated for the experimental points only after this phase transition and then only up to a temperature of 300 • C. At higher temperatures, LiBH 4 melts [23] and it is predictable that the development of the curve could change extremely after this point. For the desorbed material, the interpolating function has been calculated for the complete range, since no phase transition is known for this mixture from literature.
These measurements have been performed ex situ. Therefore, the atmosphere was the one in the argon glove box. They give a first good notion of the possible values for λ eff . However, during the hydrogenation or dehydrogenation reaction, a mixture of both states, absorbed and desorbed, exists: just at the beginning or at the end of the reaction the values previously measured for the thermal conductivity can be assumed to hold true to a great extent. Lozano et al. [14] provided a new experimental technique that takes place while the reaction (in this case the desorption) is occurring under H 2 atmosphere. The method exploits three thermocouples inserted at defined distances around a central one in a radial arrangement, in a modified sample holder called thermocell. The thermocouples, in this way, have their measuring tips directly inside the powder bed itself. The sample holder can be connected to a Sieverts apparatus as the one described in the sections above and thus both hydrogenation and dehydrogenation reactions can be carried out while recording the temperatures at different positions inside the bed, giving a temperature profile. The value of the effective thermal conductivity, λ eff , can be determined, with the assumption of a homogeneous cylinder in steady state. The calculation is based on Fourier's law and on the acquisition of the local heat flux . q:
The temperature gradient ∇ 2 T can be conceived as an expression of the distance r (owing to the steady state assumption) reducing the number of dimensions to 1 and the gradient function to a simple differential:
In order to find the solution for this differential equation, the operator of Laplace for cylindrical coordinates is applied [24] :
Assuming a constant heat source (d . q/dt = 0) the result for the integration of Equation (10) is:
The boundary conditions defined for the thermocell are used to solve the two constants c 0 and c 1 , by assuming a value for central temperature T 0 , which is known and constant:
After resolving the constants c 0 and c 1 , Equation (12) can be rewritten as:
Lastly, using the powder bed density ρ the effective thermal conductivity λ eff can be calculated:
where ∆T is the temperature difference between any pair of thermocouples during the experiment in the thermocell and r is the radial distance between those two thermocouples. Equation (16) is used to calculate the specific heat rate . q, per unit of mass:
It is expressed as product of the reaction enthalpy times the change of the transformed fraction α in time t (the hydrogenation/dehydrogenation rates). Assuming that there are actually temperature differences different from zero inside the bed, ∆T is shown to be a function of the squared radius as described in Equation (17) (parabolic temperature profile): where the constant n is a factor that can be calculated using Equation (15):
The value of n can be obtained by plotting the experimental values of ∆T for the different positions of the thermocouples against the radial distances of these thermocouples from the centre of the thermocell (Figure 6b ). The hydrogenation/dehydrogenation rates and ∆T values are measured during the thermocell experiment (Figure 6a ). The density of the loose powder has been measured in a previous study [25] . For the reaction enthalpy the value of the first plateau, determined in Section 3.1, has been chosen. As an example, the results for the 5th desorption experiment in the thermocell and the resultant calculation (Figure 6a,b) are displayed. The determination coefficient showing the goodness of the fit to the parabolic profile for this calculation has been above 0.99. Several dehydrogenation reactions at different temperatures have been carried out. The resulting thermal conductivity is plotted in Figure 7 . For the other experiments carried out with the thermocell, the determination coefficient has also been over 0.99, except the test at about 338 • C (>0.92). Finally, the experiment above 365 • C has not been included in the fitting because the reaction was so fast that no stable values could be kept for long enough. The same measurements have been also carried out for the second step of the reaction and in absorption conditions (the results are not reported here). However, in this case it was impossible to obtain a good fit for the ∆T parabolic function of the radial distance.
The two methods used to measure/calculate the effective thermal conductive of the materials in question can be used together to picture the development of the thermal conductivity with increasing temperature. The prediction to elevated temperatures, extrapolated from the measurements by the TPS method ( Figure 5 ), should be modified in order to achieve a smooth connection with the measurement at high temperatures using the thermocell method. This will be further discussed in Section 4.3. In Figure 8 the dotted line represents the extrapolation previously shown in Figure 4 for the TPS method, together with the dashed line interpolating the data from the thermocell high temperature measurements. The profile of the curve indicating this trend will be discussed in Section 4.3, together with the influence of the density. 
Thermal Diffusivity
The value of the thermal diffusivity a provides information on the temporal and spatial changes in temperature inside the powder bed and cannot be measured directly. It is obtained from the heat capacity cp, the effective thermal conductivity λeff, and the material density ρ. Their relationship is described in Equation (19): 
The value of the thermal diffusivity a provides information on the temporal and spatial changes in temperature inside the powder bed and cannot be measured directly. It is obtained from the heat capacity c p , the effective thermal conductivity λ eff , and the material density ρ. Their relationship is described in Equation (19):
The calculation to obtain the value of the thermal diffusivity against temperature has been done using the functions fitting the thermal conductivity (Figure 8 ) and the heat capacity (Figure 4b) . The temperature range was between 100 • C and 350 • C, since the data available from this study correspond to this range (Figure 9 ). For the calculations of the thermal diffusivity, the assumption is that the material density does not vary in the temperature interval defined above. 
The value of the thermal diffusivity a provides information on the temporal and spatial changes in temperature inside the powder bed and cannot be measured directly. It is obtained from the heat capacity cp, the effective thermal conductivity λeff, and the material density ρ. Their relationship is described in Equation (19) :
The calculation to obtain the value of the thermal diffusivity against temperature has been done using the functions fitting the thermal conductivity (Figure 8 ) and the heat capacity (Figure 4b ). The temperature range was between 100 °C and 350 °C, since the data available from this study correspond to this range ( Figure 9 ). For the calculations of the thermal diffusivity, the assumption is that the material density does not vary in the temperature interval defined above. The calculations show the thermal diffusivity with a value in an interval between 0.150 × 10 −6 m 2 s −1 and 1.350 × 10 −6 m 2 s −1 . Beginning with a temperature of about 225 • C, this value grows exponentially, a trend clearly caused by the increase of the thermal conductivity, which also rises exponentially as shown in Figure 8 . In juxtaposition with other materials, pure metals in particular (e.g., a Mg ≈ 87.0 × 10 −6 m 2 s −1 ), the thermal diffusivity value, is rather low even at high temperatures [11] .
Discussion
Reaction Mechanism
In situ XRD experiments for the Li-RHC have already shown the dehydrogenation reaction developing in two-steps, while the hydrogenation takes place in a single step [23] . These reactions have been assessed by means of the coupled manometric-calorimetric measurements and the PCI tests in the present work. However, the values for enthalpy and entropy measured here might not be deduced correctly, because the mechanism for the absorption reaction is still not fully understood. Theoretically, the thermodynamic parameters, i.e., enthalpy and entropy, should not be affected by the reaction mechanism if the initial and final products are the same.
For the absorption reaction mechanism it is assumed that the exothermic formation reactions for the MgH 2 and LiBH 4 species compensate, at least to a certain degree, the endothermic combination of MgB 2 with LiH and H 2 . However, the reasons behind the single-step absorption and two-steps desorption reactions may not be inferred by thermodynamically considerations alone. In several works, the reaction mechanism of the Li-RHC has been investigated in dynamic conditions [23, [26] [27] [28] [29] . In particular, the existence of a ternary specie such as (Mg 1−x Li 2x )B 2 , which has been confirmed using nuclear magnetic resonance (NMR) [27] [28] [29] , is an interesting evidence concerning the diffusion processes that are suspected to play a fundamental role in the Li-Mg ion exchange that needs to take place for the reaction to occur at all.
In summary: during absorption the exothermal energy of formation of both MgH 2 and LiBH 4 and the existence of LiH allow the splitting of the otherwise rather stable compound MgB 2 (∆H F = −92.0 kJ mol −1 [22] ). Upon desorption, the very energy of formation of MgB 2 , which is now exothermal because the process is the opposite from above, decreases the reaction enthalpy value that corresponds to the second reaction step, since the first step of this desorption is taken to be a straightforward decomposition of MgH 2 . The motivation for having separate reaction mechanism for desorption and absorption is almost certainly that kinetic constraints dominate which reactions take place and which don't, owing mainly to slow diffusion processes [23] .
Taking into account the described transfer of thermal energy both for absorption and for desorption, a reaction mechanism is proposed and schematically summarised in Figure 10. deduced correctly, because the mechanism for the absorption reaction is still not fully understood. Theoretically, the thermodynamic parameters, i.e., enthalpy and entropy, should not be affected by the reaction mechanism if the initial and final products are the same.
For the absorption reaction mechanism it is assumed that the exothermic formation reactions for the MgH2 and LiBH4 species compensate, at least to a certain degree, the endothermic combination of MgB2 with LiH and H2. However, the reasons behind the single-step absorption and two-steps desorption reactions may not be inferred by thermodynamically considerations alone. In several works, the reaction mechanism of the Li-RHC has been investigated in dynamic conditions [23, [26] [27] [28] [29] . In particular, the existence of a ternary specie such as (Mg1−xLi2x)B2, which has been confirmed using nuclear magnetic resonance (NMR) [27] [28] [29] , is an interesting evidence concerning the diffusion processes that are suspected to play a fundamental role in the Li-Mg ion exchange that needs to take place for the reaction to occur at all.
In summary: during absorption the exothermal energy of formation of both MgH2 and LiBH4 and the existence of LiH allow the splitting of the otherwise rather stable compound MgB2 (∆HF = −92.0 kJ mol −1 [22] ). Upon desorption, the very energy of formation of MgB2, which is now exothermal because the process is the opposite from above, decreases the reaction enthalpy value that corresponds to the second reaction step, since the first step of this desorption is taken to be a straightforward decomposition of MgH2. The motivation for having separate reaction mechanism for desorption and absorption is almost certainly that kinetic constraints dominate which reactions take place and which don't, owing mainly to slow diffusion processes [23] .
Taking into account the described transfer of thermal energy both for absorption and for desorption, a reaction mechanism is proposed and schematically summarised in Figure 10 . It is possible that concurrent, multiple running steps (overlapped reactions) lead to the measurement procedures used in this study reaching their limits, when used to determine the distinct Figure 10 . Schematic reaction mechanism proposed for the single-step absorption and the two-step desorption processes.
It is possible that concurrent, multiple running steps (overlapped reactions) lead to the measurement procedures used in this study reaching their limits, when used to determine the distinct enthalpy and entropy values of the reaction of LiH with B and H 2 (as well as Mg with H 2 ) during absorption. A possible way to circumvent this can be achieved by smaller particle sizes and better contacting of the reacting phases, achieved for instance by nanoconfinement [30] [31] [32] [33] .
Thermodynamic Properties
The reaction enthalpy and entropy values obtained by Vajo et al. for the same material as in this study, were −40.5 kJ mol −1 H 2 and −81.3 J K −1 mol −1 H 2 respectively [34] . They were calculated from PCI measurements under absorption conditions. Those measurements [34] have been carried out in the temperature range from 315 • C to 400 • C. However, in this experiments the material preparation has been slightly altered (milling for shorter time, but at higher speed) [35] . Moreover, the quantity of additive has been 0.06 instead of 0.05 mol of TiCl 3 per mol of MgB 2 in the present work [34] . Nevertheless, the results should be comparable because the differences are slight and should affect principally (and theoretically) the kinetic behaviour, but not the thermodynamic properties.
For the desorption reaction, the thermodynamic parameters of the "overall reaction" are calculated according to the Hess's law for the two steps of desorption. For the enthalpy and for the entropy the values of 58 ± 2 kJ mol −1 H 2 and 106 ± 4 J K −1 mol −1 H 2 are calculated. These values are reported in Tables 2 and 3 as well as the theoretical ones [22] together with the enthalpy and entropy values for each reaction step as obtained in this work and reported in the literature [34] . Both values for the reaction enthalpy of the absorption, both the one measured by HP-DSC and the one from the PCI (literature), lie below the theoretical value, which is −45.9 kJ mol −1 H 2 . However, liquid LiBH 4 can be formed directly upon absorption since the reaction temperature is clearly above the melting point of this borohydride. Thus the enthalpy of fusion of LiBH 4 , which is around 4 kJ mol −1 H 2 [36, 37] , is compounded into the calculated enthalpy. The enthalpy of fusion (or melting) of LiBH 4 in this case, then, needs to be subtracted from the theoretical value, since this theoretical enthalpy is given at standard conditions of temperature and pressure (STP). The theoretical value ends up being −41.9 kJ mol −1 H 2 . This values falls in the vicinity of the one calculated by Vajo et al. as described above (−40.5 kJ mol −1 H 2 ) [34] , but still not in good agreement with the one obtained here by the coupled measurement (−26 ± 7 kJ mol −1 H 2 ). The same applies for the values measured for both the two steps of the desorption reaction (58 ± 4 kJ mol −1 H 2 and 20 ± 3 kJ mol −1 H 2 ). All the values obtained by the measurement method of the coupled Sieverts apparatus with the HP-DSC are, for this system, underestimated of around 15 to 20 kJ mol −1 H 2 , with respect to the theoretical ones. The reason for this constant difference may lie in the sensitivity of the measurement method [38] and in particular on the underestimation of the peak area, due to the slow reaction kinetics.
The hysteresis, defined as a small difference between the values of the equilibrium pressure as shown in Figure 1 for absorption and desorption, is in the case of the values measured by HP-DSC comparable to other metal hydride systems such as MgH 2 [39, 40] or NaAlH 4 [41] . Schwarz et al. [42] attributed the hysteresis and slope phenomena to the strain and surface tensions between the dehydrogenated and hydrogenated phases. In Figure 1a , the slope of the plateaus can be attributed to two main reason: first, the ideal equilibrium conditions are never reach, and second the strain and surface tensions upon dehydrogenation. The coexistence of two different hydride phases with own equilibrium pressures, as in the case of the Mg-Fe-H hydride system, is another contribution to the hysteresis phenomenon [43, 44] .
The values obtained for the desorption reaction by PCI are in better agreement with the theoretic values (76.1 kJ mol −1 H 2 and 35.8 kJ mol −1 H 2 for the first and second reaction step respectively) at least for the first reaction step (73 ± 2 kJ mol −1 H 2 ). The reason for the much higher value of the second step will be discussed later. Furthermore, the entropy values obtained in this work from the PCI-measurement for desorption (134.3 J K −1 mol −1 H 2 and 96.3 J K −1 mol −1 H 2 for the first and second reaction step respectively) are in good agreement with the theoretic values (132.3 J K −1 mol −1 H 2 and 94.8 J K −1 mol −1 H 2 ) as shown in Table 3 . The phenomenon of molecular hydrogen from the gaseous phase going into dissolved hydrogen in the crystal structure of a hydride during absorption and vice versa during desorption dominates the entropy value in most cases with metal hydrides (e.g., Equation (20)). Theoretically, this value is approximately 130 J K −1 mol −1 H 2 [22] and thus in good agreement with the measured value of the first reaction step. The measured entropy value by PCI of the second step (96.3 J K −1 mol −1 H 2 ) and for pure LiBH 4 evolving into LiH, B and H 2 (115 J K −1 mol −1 H 2 [45] ) is lower. The variance between these reactions, and therefore also a probable reason for the entropy value being lower, is mainly due to the phase transformation of hydrogen from BH 4 − cluster in liquid phase into the gaseous phase and additionally due to the formation of a different phase (MgB 2 ). The phase transformation of LiBH 4 melting is taking place between 280 • C [21] and 300 • C [23] according to literature. The two measurement methods for this storage system are not in good agreement. The method of the coupled Sieverts apparatus with the HP-DSC machine is confirmed to be a useful device to achieve easily and quickly a reasonable approximation of the thermodynamic properties [38, 46] . However, at least for this system the PCI measurement seems to be a more precise measurement method for the calculation of the reaction enthalpy (and entropy). In previous works [47] [48] [49] dehydrogenation PCIs measurements have provided entropy and enthalpy values that are in quite good concordance with the herein obtained ones.
The two steps reported for the desorption reaction are shown in the following together with the corresponding values obtained for enthalpy and entropy, calculated from the PCI reported in this work:
2 LiBH 4 + MgH 2 → 2 LiBH 4 + Mg + H 2 (20)
The enthalpy and the entropy for the first step of the reaction (Equation (20) ) are both in excellent agreement with the values reported for the hydrogenation reaction of MgH 2 alone (different theoretical calculation and experimentally derived values are listed in Bogdanovic et al. [39] ). The second step (Equation (21)) helps explaining the basilar concept of the RHC. The enthalpy of LiBH 4 in the desorption reaction evolving into LiH, B and H 2 of approximately 74 kJ mol −1 H 2 , which was experimentally measured [45, 50] , is lowered through the exothermic reaction to MgB 2 to 53 ± 3 kJ mol −1 H 2 . However, this value is higher than the theoretical one calculated using the formation enthalpy from the literature [22] . This value amounts to 35.8 kJ mol −1 H 2 . The reason can be ascribed to the poor characteristic of the second plateau and in particular the slow drop at the end of the plateau. It seems as if the effect of the formation of MgB 2 cannot be accomplished in total by this measurement method.
By determining the equilibrium pressures (Equation (2)) in agreement with the PCIs measured in this work, and plotting these equilibrium pressures with the temperature on the x-axis, an area between the two curves corresponding to the first and the second desorption step can be observed ( Figure 11 ). It is assumed that inside this area the reaction cannot proceed at all or only partially. Both the complete absorption or desorption can only happen following Equation (1) above or below this area, respectively. The calculated equilibrium pressure, according to Vajo et al. [34] under absorption conditions, is inside the area marked with diagonal lines in Figure 11 only for temperatures values higher than 362 • C. The overall equilibrium pressure function is also plotted in Figure 11 and results similar to the equilibrium pressure calculated in the mentioned study [34] . (Figure 11 Figure 11 and results similar to the equilibrium pressure calculated in the mentioned study [34] . Figure 11 . Equilibrium pressure for the two plateaus of the desorption reaction of the Li-RHC system estimated with the PCI measurements in desorption conditions as well as overall reaction of both and the curve determined by Vajo et al. [34] in absorption conditions.
Heat Transfer Properties
As mentioned already in Section 3.2.3, the value of the thermal diffusivity provides information about the temporal and spatial change of the temperature field inside the powder bed. This is because, as stated above, this parameter combines heat capacity and thermal conductivity. They are the determining factor for the distribution of heat inside a hydride powder bed, which is a specific concern for larger volumes. In larger beds of hydrides (and this is in common with other gas-solid reactions where the reaction enthalpy is large), the ratio between the mass of the hydride powder (which normally has a low thermal diffusivity) and the mass of the tank hull (usually high thermal diffusivity) increases. A low thermal diffusivity combined with a great increase in temperature (this, in turn, caused by the high reaction enthalpy of the reactions with hydrogen, both absorption and desorption) can cause the concentration of heat. At these higher temperatures, the equilibrium pressure is also higher, so that for absorption the equilibrium conditions can be easily reached. Under this conditions by definition the reaction rate is zero, so near them the overall reaction rate can slow down dramatically [14] . An example is given in Figure 11 : beginning with 350 °C and 30 bar of H2, an increase of just 75 °C can send the system into a situation approaching the equilibrium pressure of the first plateau, therefore slowing the reaction down. A further increase in temperature cannot be reached through the chemical reaction, which stops under these circumstances. This is only feasible providing additional energy from outside. Such an increase would even lead to a detrimental reaction rate: despite the high pressure inside the reaction vessel, there would be a partial dehydrogenation. This leads to the decomposition of MgH2 as it could be seen in the previous section. In this study, the heat transfer characteristics are obtained and the results will be debated in the ongoing section in order to be able to estimate the behaviour of the compound in a large volume. Desorption equilibrium pressure (second plateau) Figure 11 . Equilibrium pressure for the two plateaus of the desorption reaction of the Li-RHC system estimated with the PCI measurements in desorption conditions as well as overall reaction of both and the curve determined by Vajo et al. [34] in absorption conditions.
As mentioned already in Section 3.2.3, the value of the thermal diffusivity provides information about the temporal and spatial change of the temperature field inside the powder bed. This is because, as stated above, this parameter combines heat capacity and thermal conductivity. They are the determining factor for the distribution of heat inside a hydride powder bed, which is a specific concern for larger volumes. In larger beds of hydrides (and this is in common with other gas-solid reactions where the reaction enthalpy is large), the ratio between the mass of the hydride powder (which normally has a low thermal diffusivity) and the mass of the tank hull (usually high thermal diffusivity) increases. A low thermal diffusivity combined with a great increase in temperature (this, in turn, caused by the high reaction enthalpy of the reactions with hydrogen, both absorption and desorption) can cause the concentration of heat. At these higher temperatures, the equilibrium pressure is also higher, so that for absorption the equilibrium conditions can be easily reached. Under this conditions by definition the reaction rate is zero, so near them the overall reaction rate can slow down dramatically [14] . An example is given in Figure 11 : beginning with 350 • C and 30 bar of H 2 , an increase of just 75 • C can send the system into a situation approaching the equilibrium pressure of the first plateau, therefore slowing the reaction down. A further increase in temperature cannot be reached through the chemical reaction, which stops under these circumstances. This is only feasible providing additional energy from outside. Such an increase would even lead to a detrimental reaction rate: despite the high pressure inside the reaction vessel, there would be a partial dehydrogenation. This leads to the decomposition of MgH 2 as it could be seen in the previous section. In this study, the heat transfer characteristics are obtained and the results will be debated in the ongoing section in order to be able to estimate the behaviour of the compound in a large volume.
Two different methods have been used to measure the heat capacity: the "linear temperature ramp" and "enthalpy method" (Section 3.2.1). The discontinuity in the heat capacity as calculated using the "enthalpy method" found its reason in the measurement being interrupted at about 150 • C due to software operative reasons of the measuring rig. Except for this small hitch, the two different experimental techniques are in good agreement.
The heat capacity of 2 LiH + MgB 2 is clearly controlled by the heat capacity of MgB 2 . The average value in the interval from 50 • C to 250 • C for LiH is approximately 4.65 kJ kg −1 K −1 and only 1.2 kJ kg −1 K −1 for MgB 2 . This means that the hydride has a higher heat capacity by a factor of 3. The mean value for the composite LiH/MgB 2 is approximately 1.3 kJ kg −1 K −1 . The explanation lies in the higher molar mass of MgB 2 (45.93 g mol −1 ) in comparison to LiH (7.95 g mol −1 ). In order to maintain the correct molar ratios to achieve the proper reaction conditions, the purely mass ratio is considerably skewed: only about one third of the sample is LiH (~35 wt %).
An ex situ direct experiment as well as an in situ indirect experiment (Section 3.2.2) are used to measure the thermal conductivity. The first measurement type was applied on the hydrogenated state and the dehydrogenated one separately. The second type of measurement was applied on a mixture of both states, since the measurement took place during the reaction. Relatively low mean values were recorded ex situ in a temperature interval up to 180 • C (λ Ø,abs.state = 0.12 W m −1 K −1 ; λ Ø,des.state = 0.09 W m −1 K −1 ). For comparison, the value recorded in situ (which was, by necessity, obtained in the much higher temperature interval from 335 • C to 365 • C) was λ Ø,mixed.state = 1.14 W m −1 K −1 . It is still quite low as solids go, but represents almost an order of magnitude more than the values registered with the other method. One motivation for the higher values can be the 3 bar of hydrogen pressure in the in situ measurement. There was just 1 bar of argon in the ex situ one and, coincidentally enough, hydrogen has a higher thermal conductivity than argon by one order of magnitude [51] . Note that the in situ approach using the thermocell assumes only conduction in the radial direction; therefore, the axial direction is not contemplated in the model. This may cause problems because the hydrogen does flow axially much faster than radially, as a rule, the axial direction being the route for the hydrogen to go out of the vessel during dehydrogenation. A constant and homogeneous heat generation is also assumed. Not only that, the stationary state assumption leads additionally to consider the density and heat conduction of the powder bed as constants as well. As displayed in Figure 6a , the generation of heat due to the reaction between hydrogen and hydride is almost constant in the period marked in the graph, due to the linear sorption rate. This is the reason for using just this one part of the curve for the calculations However, whether the density of the powder is steady in this period is not clear. It is known that there are differences in density between the desorbed to absorbed state; therefore variations due to the phase transition from one to the other (and vice versa) are to be expected. In this case, the timeframe considered for the calculations of the thermal conductivity is of just 2 min in the first step of a reaction that lasts about 30 min. This should keep the density changes to a minimum. However, the thermal conductivity could need a correction toward lower values, since the number used for the density in the calculations is the one for the desorbed state. In the measured mixed compound, the share of the absorbed state will outweigh since the conversion to the desorbed one is just starting. According to the comparison between the solid densities in a previous publication [25] , the loose powder density of the absorbed materials is assumed to be lower than the same parameter for the desorbed state. According to Equation (15) , the conductivity is directly proportional to the density. Figure 12 displays the graph of thermal conductivity vs. temperature for several values of powder densities (dashed lines), which can vary also depending on the compaction of the bed, compared to the value used in this study (solid line).
Neglecting the axial heat conduction, which cannot be discounted, may make the measured values for the thermal conductivity even slightly lower.
The change in density is an additional problem for the calculation of the thermal diffusivity, since in this study the calculated temperature interval varies from 100 • C to 350 • C. This range goes over the phase transition temperatures of the LiBH 4 , which, as will be remembered, goes from orthorhombic to hexagonal at approximately 115 • C. The phase change from solid to liquid, occurring at around 300 • C, is even more important. Although the absolute value for density is far from certain, it is estimated to be constant for the calculation of the thermal conductivity. For the thermal diffusivity, the change with temperature adds a level of uncertainty.
However, the values that have been obtained in this study provide a first approach to tackle the problem of the expected heat distribution as well as its change with temperature. By combining the values shown here with appropriate finite elements method (FEM) simulation, a prediction of the behaviour of such a hydride bed can be accomplished and the need for further improvements of e.g., the thermal conductivity can be ascertained. This improvement could be done through engineering measures taken in the design of the vessel [52] . Also for example, by the addition of materials to improve the thermal conductivity without unduly reducing the capacity or otherwise adversely affecting the behaviour of the hydride, for instance expanded natural graphite [14] . An additional way to achieve improvements in the behaviour of hydrides as hydrogen storage materials is their compaction [25] .
However, the values that have been obtained in this study provide a first approach to tackle the problem of the expected heat distribution as well as its change with temperature. By combining the values shown here with appropriate finite elements method (FEM) simulation, a prediction of the behaviour of such a hydride bed can be accomplished and the need for further improvements of e.g., the thermal conductivity can be ascertained. This improvement could be done through engineering measures taken in the design of the vessel [52] . Also for example, by the addition of materials to improve the thermal conductivity without unduly reducing the capacity or otherwise adversely affecting the behaviour of the hydride, for instance expanded natural graphite [14] . An additional way to achieve improvements in the behaviour of hydrides as hydrogen storage materials is their compaction [25] . 
Conclusions
The reaction mechanism of the Li-RHC system consisting of a single-step hydrogenation and a two-step dehydrogenation has been proved by this study. The explanation furthered by the authors relies on the diverse diffusion processes occurring while absorbing and desorbing H2. This leads to different rate-limiting steps. In case of the first desorption reaction and the corresponding plateau in the PCI diagram (decomposition of MgH2), enthalpy and entropy values of 73 ± 2 kJ mol −1 H2 and 133 ± 3 J K −1 mol −1 H2 are obtained, respectively. The breakdown of LiBH4 with concomitant creation of MgB2 defines the second plateau, for which an enthalpy of 53 ± 3 kJ mol −1 H2 and entropy of 98 ± 4 J K −1 mol −1 H2 are calculated. Both the couples of values are obtained by PCI experiments. In contrast, lower values are retrieved from the coupled measurements using the manometric-calorimetric equipment. They are 58 ± 4 kJ mol −1 H2 for the first and 20 ± 3 kJ mol −1 H2 for the desorption second step, and −26 ± 7 kJ mol −1 H2 for the absorption single step. In general, the reaction enthalpy is underestimated by the measurement method of the coupled Sieverts apparatus with the HP-DSC probably due to the slow kinetics of the involved processes.
The heat capacity of the Li-RHC system results in 1.30 kJ kg −1 K −1 , its variation with temperature being quite small. It is clearly controlled by MgB2. At lower temperatures in the range up to 180 °C, the thermal conductivity is, respectively, 0.12 W m −1 K −1 and 0.09 W m −1 K −1 for the absorbed and desorbed state. These values are rather low if compared to 1.14 W m −1 K −1 , which is the value obtained at higher temperature values. The presence of hydrogen is a possible explanation for this. In addition, the simplified concept of steady density and the use of the radial conductivity alone when using the equations for the applied measurement methods, contribute to influence the result. The increase of the value calculated for the thermal diffusivity, starting exponentially from about 225 °C, is clearly dominated by the increment of the conductivity. The values before and after this increase, 
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